We propose a dielectric photonic structure for ultrafast deflection and focusing of relativistic charged particle beams. The structure is designed to transform a free-space laser beam into a deflection force that acts on the free particles with the same optical phase over a distance of travel that is much greater than the laser wavelength. The proposed structure has a twodimensional geometry and is compatible with existing nanofabrication methods. Deflection fields of GV=m magnitude and subfemtosecond switching speeds are expected to be possible from these dielectric structures. With these elements a submeter scale extreme ultraviolet synchrotron source seems feasible.
Metallic open grating accelerator structures have been studied by Palmer [7] , Pickup [8] , and other authors. Recently, metallic grating Smith-Purcell undulators for THz radiation were explored by Lin et al. [9] . The acceleration and synchronicity concepts developed for metallic gratings are applicable to the proposed dielectric double-grating structure, but one fundamental property that appears with transparent gratings is that the laser can be coupled from within the medium. This allows for a double-grating geometry that has a confined vacuum channel and that, when illuminated from both sides, can provide a field pattern that is symmetric with respect to the electron beam orbit. In addition, the confined vacuum space brings about a different set of boundary conditions for the evanescent field when compared to the traditional, semiopen Smith-Purcell accelerator geometry.
II. PHASE AND ENVELOPE SYNCHRONICITY CONDITIONS
We apply a plane-wave field decomposition method to find the diffraction modes that provide a significant deflection and have a phase velocity that is matched to that of the electron beam. The electron beam is assumed to have a velocity jṽj ¼ c, where is smaller than unity. Similar to Palmer's open grating accelerators [7] , and as shown in Fig. 2 , we allow the grating grooves to have an oblique orientation with respect to the electron beam that is quantified by the angle . The unprimed coordinate system in Fig. 2 is aligned with the structure grooves while the primed is aligned with the electron beam. It is found that Þ 0 is critical for the generation of a nonzero phase-synchronous deflection force (i.e. perpendicular to the nominal beam direction). The geometry is assumed to have infinite extent along the z coordinate. The validity of this approximation is presented in the Appendix. The electromagnetic fields can then be approximated by independent transverse electric (TE) and transverse magnetic (TM) polarizations. Here the TE polarization corresponds to the mode with the electric field parallel to the grating grooves. The period of the grating, denoted by p , is L p ¼ p = cos.
FIG. 1. (Color)
Top view of a proposed periodic-phase modulation accelerator structure. The grating grooves are parallel to theẑ axis and the laser beam is traveling parallel to theŷ axis. The electron beam is traveling in the vacuum channel parallel to thex axis. The pulse-front tilt causes the laser pulse envelope in the vacuum channel to remain overlapped with the relativistic electron bunch. The substrate is a dielectric material transparent to the laser wavelength in question.
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First assume that the laser beam is a TM-polarized monochromatic plane wave of angular frequency !. Let this wave impinge on the grating structure with an angle ' as shown in Fig. 3 (note that ' is not the pulse-front tilt angle c as shown in Fig. 1 ). The electric field of such an incident wave is described by PHOTONIC-BASED LASER DRIVEN . . . Phys. Rev. ST Accel. Beams 12, 101302 (2009) Ẽ ðx; y; z; tÞ ¼PE 0 e ið!tÀkx sin'Àky cos'ÞÀi :
P is the polarization vector, E 0 is the electric field amplitude, is the optical phase of the input plane wave, and k is the absolute value of the free-space wave vector corresponding to k ¼ !=c. Since the structure and the incident plane wave are assumed to extend to infinity along the grating grooves, the field components show no dependence on z, which will be omitted from here on.
The field components inside the vacuum channel determine the deflection and focusing forces acting on the electron beam. These fields have amplitudes uðx; yÞ that obey the Helmholtz wave equation r 2 uðx; yÞ=k 2 þ uðx; yÞ ¼ 0. For gratings these satisfy a pseudoperiodicity condition of the form uðx þ p ; yÞ ¼ uðx; yÞe Ài p k sin' [10] . Let k p ¼ 2= p be the grating k-vector magnitude. Then the field can be expressed as a discrete Fourier series having the form E x ðx; y; tÞ ¼ X 
U n ðyÞ, V n ðyÞ, and W n ðyÞ describe the amplitudes of the grating diffraction orders and their dependence on the y coordinate. These are decomposed into U n ðyÞ ¼ u n;þ e þÀ n y þ u n;À e ÀÀ n y V n ðyÞ ¼ v n;þ e þÀ n y þ v n;À e ÀÀ n y W n ðyÞ ¼ w n;þ e þÀ n y þ w n;À e ÀÀ n y :
The coefficients À n describe the mode of the nth grating diffraction order, and since the optical field k vector is k ¼ ðk
In the present notation a real À n corresponds to an evanescent mode. The field amplitudes are related to each other, and application of Maxwell's equations shows that inside the vacuum channel they are related to W n ðyÞ by
In the present analysis it is assumed that the fields do not significantly alter the particle's trajectory over a grating period. Following Fig. 3 the particle's velocity is described byṽðtÞ ¼ cðx cos þẑ sinÞ and a corresponding positionrðtÞ ¼ṽt. The Lorentz force from the TM wave acting on the particle, expressed in the ðx; y; zÞ coordinates, is 
We seek the average force on the particle over an extended interaction distance. Let sðtÞ ¼ ct be the distance traveled by the particle. The averaged force experienced by the free particle between t ¼ 0 and t ¼ T is 
The interaction is cumulative if the phase term of the exponents in Eq. (8) does not change with s, that is,
Equation (9) represents the sought phase-synchronicity condition for a particle traveling with a velocity c in the structure shown in Fig. 2 . It assumes that the structure is illuminated by a plane wave with k-vector magnitude k and an angle of incidence '. Inspection of Eq. (9) and the coefficient À n reveals that for < 1 and any grating tilt angle phase synchronicity is only possible with the evanescent modes. This is in agreement with the Lawson-Woodward theorem, which states that free-space waves cannot sustain a linear long-range interaction with uniformly moving free particles [11] . Thus we encounter a situation similar to linear-interaction-force laser-driven accelerator structures, where a cumulative nonzero laser-electron interaction (either deflection or acceleration) can only occur in the presence of a material boundary.
Next, the analysis is extended to short laser pulses, which can be represented as a superposition of plane waves with different k-vector magnitudes. Define as the center wavelength and k 0 ¼ 2= as the corresponding k-vector magnitude. Equation (9) establishes that each planewave component of the laser pulse with a specific k must satisfy a certain angle of incidence '. Assume that phase synchronicity for the center wavelength is satisfied at the angle of incidence ' ¼ 0. Then with Eq. (9) the phase-synchronicity condition at the center wavelength reads
Again, k p ¼ 2= p is the grating structure period. For a nonzero k 0 , Eq. (10) can only be satisfied for n À1, which corresponds to the evanescent modes described in Eq. (4) . Assume that the angles of incidence of the other plane-wave components of different wavelength are small, such that sin' $ '. Defining Ák ¼ k À k 0 and Á' ¼ ' À ' 0 , where ' 0 ¼ 0 is the angle of incidence of the center wavelength, Eq. (9) can be rewritten as
Equation (11) represents a pulse-front tilt condition for an electromagnetic wave where the pulse-front tilt angle is c [12] , which guarantees synchronicity of the laser pulse envelope with the particle. Equations (10) and (11) establish the carrier phase and the envelope synchronicity conditions with the particle traveling down the vacuum channel at a velocity c.
The force components hF x i, hF y i, and hF z i in Eq. (8) are expressed in a coordinate system ðx; y; zÞ that is aligned with the structure coordinates shown in Fig. 2 . However, we are interested in these forces as observed in the particle's coordinate system ðx 0 ; y 0 ; z 0 Þ, which is rotated by an angle about the y axis:
hF x 0 i is the average acceleration force experienced by the particle. hF y 0 i and hF z 0 i are the average horizontal and vertical deflection forces. Note that Eq. (9) can be satisfied for one mode at a time, and in general, the diffraction modes are weaker with increasing diffraction order number. Therefore the sum in Eq. (8) reduces to the one particular value of n for which phase synchronicity is satisfied, and typically the n ¼ AE1 mode is the strongest evanescent mode. This will be discussed more extensively in Sec. III with a numerical example. For the TMpolarized laser beam the first-order diffraction modes n ¼ À1 yield a set of force components of the form
Section IV explores the effect of the grating tilt angle and the depth of the grating groove on the amplitude of the grating diffraction order W n ðyÞ and on the deflection force component.
III. SYMMETRIC LASER PUMPING OF THE STRUCTURE
The evanescent field pattern described in Sec. II possesses the desired synchronicity conditions but is nonuniform and asymmetric. Furthermore, the deflection force is not aligned with the structure coordinates. A practical beam manipulation element is only useful if it generates a deflection force that possesses a high degree of uniformity, symmetry along the vacuum channel, and furthermore is aligned to the beam coordinates. Excitation of symmetric modes in the vacuum channel of a resonant dielectric periodic structure is one possibility that has been explored for other laser-driven accelerator structures [13] . However, as stated in the Introduction, we are interested in the application of ultrashort, few-cycle laser pulses and therefore cannot resort to resonant-field architectures. Instead, we can illuminate the transparent grating structure from opposite sides to generate a symmetric field pattern and furthermore accomplish the cancellation of undesired force components.
First, consider the addition of two TM-polarized laser beams of equal amplitude whose electric field components are in phase at the center of the vacuum channel. This results in a laser field amplitude that modifies the expression of W n ðyÞ in Eq. (3) to a hyperbolic function:
W n ðyÞ ¼ w n sinhðÀ n yÞ; w n ¼ 2ðw n;þ À w n;À Þ:
For this superposition of fields the amplitude components in Eq. (13) become
Near the center of the vacuum channel the deflection component hF y 0 i shows a dependence that is nearly linear with the y coordinate due to the sinhðÀ n yÞ function while the other components remain nearly uniform. This external laser beam configuration results in a force pattern that provides a focus along the y axis while generating a uniform synchronous force component in the other two dimensions. This is a favorable configuration since it allows for extended transport of a beam that is tightly focused in the y direction while providing a uniform deflection parallel to the vacuum channel.
Consider the opposite case, where the laser beam electric field components are out of phase by with respect to each other. The amplitude function W n ðyÞ in Eq. (14) changes parity to an odd function W n ðyÞ ¼ w n coshðÀ n yÞ; w n ¼ 2ðw n;þ þ w n;À Þ and therefore the force components that result from phase synchronicity with the first diffraction order modify to
The deflection force that is oriented into the walls of the structure, hF y 0 i, remains nearly uniform while the other deflection force and the acceleration force component scale as sinhðÀ n yÞ. This field pattern is clearly undesirable since it skews the electron beam.
IV. STRUCTURE MATERIAL AND GEOMETRY CONSIDERATIONS
Inspection of the force components of Eqs. (15) and (16) shows an explicit dependence of these on the grating tilt angle and on the strength of the grating diffraction mode W À1 ðyÞ. These diffraction modes depend on the shape of the grating grooves and on the index of refraction of the grating material. The effect of these parameters is discussed in this section by means of an example. Figure 4(a) shows a schematic of the grating diffraction modes W n ðyÞ inside the vacuum channel.
Assume that a pair of laser beams with the polarization and phase conditions of Eq. (15) with a field amplitude jE laser j ¼ 1 are incident on a quartz (index of refraction ¼ 1:58 for ¼ 800 nm) based grating structure as shown in Fig. 2 . Furthermore, assume the grating structure having a channel width w ¼ 0:4 and a groove depth of 0:2. The grating period is established by the phase-synchronicity condition of Eq. (9), which depends on the grating tilt angle . In this example it will be assumed that the electron beam is relativistic; ! 1. We employ a multilayer grating field decomposition method to determine the magnitude and relative phase of the diffraction orders W n [14] . . Interference effects from reflections between grating layers are appreciable on the zeroth diffraction mode, which in the example considered here is the only nonevanescent mode. When the grating groove depth g is zero, the first and higher order diffraction modes are zero. The magnitude of W À1 peaks at g ¼ 0:2 and slightly decreases for deeper grating grooves. The other modes remain negligibly small. Next, Fig. 5(a) shows the amplitude coefficients of the diffraction orders at the center of the vacuum channel W n ðy ¼ 0Þ for g ¼ 0:2 as a function of . The diffraction orders become drastically weaker with increasing diffraction order number. In this particular example, W 0 is the only propagating mode while the remaining modes are evanescent. Since the grating period is reduced with increasing grating tilt angle , the evanescent modes become weaker. Figure 5 (b) shows the magnitudes of the deflection forces corresponding to each diffraction mode. As expected from Fig. 4 (a) the first grating diffraction mode accounts for most of the total force.
Dielectric materials can support a maximum fluence of $1:5 J=cm 2 from ultrashort laser pulses [15] , which for 10 fsec translates to a maximum local electric field of $27 GV=m. Application of Eqs. (3)- (5) and (14) allows for an estimate of the ratio between the field at the walls of the structure and the free-space field of the input laser beam, which for the chosen parameters is $2:8. Therefore the maximum applicable laser field is E in $ 10 GV=m. As shown in Fig. 5(b) the maximum deflection force is hF z 0 i $ 0:1qE in for the selected grating geometry, which hence corresponds to a maximum average deflection field of $1 GV=m. A magnetic field of $3 T would be required to match this average deflection force generated from the laser beam inside the grating structure.
Some conclusions on the fabrication tolerances can be drawn from Figs. 4 and 5. Figure 4(b) shows that the magnitude of the deflection is a slowly varying function of the groove depth, and near the optimum parameters the groove depth can vary by 0:1 without a significant change in the value of W À1 . Control of the etch depth on quartz structures to within 1% has been reported [16] . Another important fabrication aspect is the tolerance of the grating period. Modification of Eq. (9) reveals that for the grating order n ¼ À1 the accumulated phase mismatch Á over a grating length L reads ÁL=L ¼ ðÁ=2Þð p =L cosÞ. If we establish a tolerance condition of Á equal to 1 for a grating of period p ¼ 800 nm over L ¼ 1 cm, we obtain a groove position tolerance of ÁL $ 2 nm. Deep-UV lithography fabrication techniques have shown linewidth uniformity values of 0.1 nm over 1 cm distances [17] . The tight tolerance of the length and the thermal expansion coefficient of $5 Â 10 À7 = C for quartz establish a limited operating temperature range for the cm-long grating of $ 1 2 C but also allows for postfabrication temperature-controlled tuning of the structure, in similar fashion as is carried out with conventional metal structure accelerators.
V. APPLICATIONS A. Swept beam steering and focusing devices
Beam steering devices are found in applications such as kickers for high energy beams [18] [19] [20] , electron sweepers for A-D converters [21] , and streak cameras [22, 23] . Their development [24] [25] [26] . The proposed laser-driven deflection structure represents the extension of these rf-based deflection concepts to optical wavelengths to reach time resolution values in the sub-fsec scale.
Figure 6(a) shows the profile of the electron beam inside the deflection device, having dimensions 0;y 0 and 0;z 0 , where 0;z 0 ) 0;y 0 . The laser beams powering the structure are set to be in phase, which as described in Sec. III generates a deflection force parallel to the vacuum channel.
Application of focusing can enhance the angular resolution along the deflection coordinate. Instead of using a conventional focusing element we propose employing the same type of double-grating structure for this purpose, as is illustrated in Fig. 6(b) . Applying a laser field spatial envelope of the form Aðz 0 Þ / z 0 on the structure generates a position dependent deflection angle of the form ðz 0 Þ ¼ 0 þ z 0 =f, where 0 is the original beam direction upstream of the focusing element and f is the effective focal length.
Assume a grating structure with the optimized parameters of Sec. IV, where the deflection force hF z 0 i scales with the external laser amplitude Aðz 0 Þ as hF z 0 i $ 0:1qAðz 0 Þ. Assuming the acceleration from the deflection force results in a lateral velocity much smaller than c, it can be shown that the focal length f from a field with profile variation dA=dz 0 over a structure length
A pair of TEM 01 beams with peak field amplitude E 0 ¼ 9 GV=m and vertical spot size of $1 mm possesses an amplitude variation dA=dz 0 $ 10 13 V=m 2 near the center of the beam. 
For a deflection force hF z 0 i, a deflector structure length L D , and a focal length f, the resulting deflection is z 0 f $ fL D hF z 0 i=mc 2 and the resolution becomes
Optimization of R suggests minimizing the focal plane spot size f;z 0 . As shown in Eq. (18) for a given 0;z 0 , f;z 0 is a function of the focal length f and the depth of focus of the electron beam, f;z 0 ¼ 2 f;z 0 =4" z 0 , which depends on the transverse geometric emittance of the beam " z 0 . Ideal electron sources for this application are laser-driven field emitters capable of ultralow emittance values followed by a dielectric-structure laser accelerator. Such devices are expected to support geometric electron beam emittance values of " ? $ 10 À9 = m [28, 29] .
To obtain an order-of-magnitude estimate of the resolution possible from the proposed device, consider a grating structure whose total length satisfies L D þ L F < 2 0;y 0 , where 0;y 0 ¼ 2 0;y 0 =4" y 0 . Since the vacuum channel has a submicron width the electron spot size should be on the order of $ Phys. Rev. ST Accel. Beams 12, 101302 (2009) direction is 2 m while its other dimension is $100 times larger. Since the driving waveform is sinusoidal in time only $10% of the cycle corresponds to a sweep that is approximately linear.
The 2 m spot size at the focal plane corresponds to the smallest CCD pixel size values for commercially available image detectors. The temporal resolution for one such pixel and laser wavelength of ¼ 1 m corresponds to a temporal resolution Át ¼ =2cR, or Át $ 5 Â 10 À19 sec . Imaging of MeV-energy electron beams can be accomplished with scintillator materials such as Ce:YAG, which shows a fluorescence lifetime of $100 nsec. The readout speed is limited by this lifetime, and for electron bunch repetition rates above 10 MHz the streak camera displays an average temporal structure of the electron beam within the laser optical cycle.
B. Bending elements
The maximum deflection field was found to be hF ? =qi $ 1 GV=m, which leads to a beam bending radius of r ¼ m 2 c 2 =hF ? i. For few-MeV beam energies it can be on the order of 1 cm, allowing for the possibility of fitting an electron ring into a few-cm diameter device. Besides the deflector units, an electron ring requires input and exit beam kickers, accelerator, and focusing sections. As shown in Fig. 8 (a) all these binary grating elements are envisioned to be fabricated onto a pair of quartz wafers and be powered by the corresponding laser beam modes. Figure 8(b) shows the bending radius, synchrotron critical frequency ! c and photon flux (within 0.1% of ! c ) for a 10 fC, 100 attosecond electron bunch as a function of beam energy. At 20 MeV the electron bunch would generate a GHz-repetition visible light pulse train with a radiation energy loss of $1 eV per turn. At 200 MeV, the required bending radius is $20 cm, the peak radiation wavelength is 14 nm, and the synchrotron radiation energy loss is hundreds of eV per turn. Such a device could function as a compact and high-repetition rate collimated extreme ultraviolet source.
VI. OUTLOOK
A first analysis of the transparent double grating as a deflection and focusing element was presented. Existing nanofabrication and laser technologies render the proposed structure a promising future beam manipulation device. Demonstration experiments of these deflection and focusing properties with MeV-energy electron beams form a crucial next step. Finally, a series of more refined analysis and simulation efforts will be required to study the dynamics of a particle beam that is propagated through a more complex grating based device such as an entire grating based laser-accelerator unit, undulator, or electron ring. These will ultimately pinpoint the capabilities and limitations of the proposed beam manipulation device and will determine their feasibility as practical devices. 
APPENDIX
A real structure and laser beam do not have infinite spatial extent. However, if the field amplitude of the laser beam is varying slowly in the z direction it can be approximated by a function of the form uðx; y; zÞ $ aðzÞbðx; yÞ. The incoming laser beam possesses a beam profile described by a slowly varying envelope function aðzÞ. The function bðx; yÞ, on the other hand, shows a rapid spatial variation caused by the diffraction from the grating grooves which have features with a size of . Hence, the resulting field variations include components of the form e ik x xþik y y , where k x and k y scale with the wavelength of the laser k ¼ 2=. The amplitude uðx; y; zÞ satisfies the Helmholtz equation ðr 2 þ k 2 Þuðx; y; zÞ ¼ 0. Thus, to neglect the dependence on z it is required that the derivative of aðzÞ with z be small compared to the derivative of bðx; yÞ with respect to ðx; yÞ. This yields a condition for the minimum laser profile w z ) =2. A laser focus as small as w z $ 50 is readily attainable with standard focusing elements and lies well within the mentioned condition for the two-dimensional field approximation. The Rayleigh range of such a focus would correspond to Z R $ 800 and, assuming that the beam waist is at the center of the vacuum channel, the radius of phase front curvature at a distance away would correspond to a radius of $6 Â 10 5 . This indicates that there is no significant phase variation in the z direction and that the two-dimensional diffraction analysis in the ðx; yÞ coordinates is applicable for the described laser beam.
